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Overview 
 
 
The amount of pollution during the past years has grown an 8% worldwide [19], 
worsening the air quality and affecting hundreds of urban areas. The objective 
of this project is to determine if this rising is affecting in some way precipitation 
processes, using the Barcelona Metropolitan Area (BMA) as an example. 
 
Based on precipitation and pollution data of the past years (2005-2015), 
measured automatic stations scattered all around the MAB, comparing data of 
the pairs of close stations and that are of the same type.  
 
The comparisons, however, have not revealed any measurable relationship 
between concentration of pollutants and precipitation in the Barcelona area, 
probably due to the fact that the environment is not polluted enough, or 
because the pollution data is incomplete, as there are important pollutants 
missing on it (i. e. particulate matter).  
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1 INTRODUCTION 
 
The purpose of this chapter is to establish the hypothesis used as the starting 
point of the project, and to explain the objectives that will serve as a guide for the 
development. 
 
 
1.1 Research hypothesis 
 
Pollution has become a controversial issue in recent times. Topics like the global 
warming or health issues have an increasing popularity in such a way that more 
and more people are becoming aware of them. It’s clear that our health is 
adversely affected by pollution, but how pollution affects cloud cover and 
precipitation? 
 
Clouds play a key role in the water cycle and also in the Earth’s energy balance. 
Clouds can either reflect the sun’s incoming radiation back into space, or they 
can absorb infrared radiation emitted by the Earth.  
 
As will be explained later, the cloud formation processes require very tiny 
particles to develop, like salt, dust, pollen, etc. In polluted environments, particle 
concentration. So, if cloud formation processes are affected, probably 
precipitation is also affected. Is there any relationship between the pollution 
and precipitation? 
 
 
1.2 Objectives 
 
Considering the available data, the objectives to be achieved in this project are 
the next ones: 
 
 Main objective: Determine the effect of pollution on precipitation in the 
Barcelona Metropolitan Area during the last years. 
 Secondary objective: Study the evolution of precipitation during these 
years. 
 
These objectives will be the guideline for the project development, specially the 
main one, and the final discussion will be based on them.  
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2 THEORETICAL SCOPE 
 
In this chapter, all the necessary concepts to understand the project are 
explained. That is, clouds characteristics and the precipitation, including their 
formation and types, and how pollution may affect them.  
 
 
2.1 Clouds 
 
Clouds are essentially tiny drops of water of just a few micrometers of diameter. 
If instability inside the cloud is large enough they don’t fall.  
 
 
2.1.1 Atmospheric stability 
 
The instability of the atmosphere mainly depends on the environmental 
temperature profile. 
 
When an air parcel rises from the ground, it’s assumed that its temperature 
changes following an adiabatic process (without exchanging heat with the 
surroundings). Therefore, taking into account that pressure decreases with 
height, its volume increases and it’s known that its temperature decreases 
9.8oC/km (dry adiabatic lapse rate, DALR). At each level, the stability of the 
atmosphere is based on the comparison between the temperature of the air 
parcel and the temperature of the environment [2]. 
 
In an unstable atmosphere, the temperature of the air parcel is higher than the 
environment, and consequently the parcel is less dense than its surroundings 
and tends to go upwards. On the other hand, in a stable atmosphere the 
temperature of the parcel is lower than the temperature of the environment, the 
parcel is denser than its surroundings and tends to sink. 
 
As air rises and cools, it may condensate. Condensation is an exothermal 
process that release heat to the system and as a consequence, the lapse rate in 
saturated conditions (moist adiabatic lapse rate, MALR) changes to an smaller 
value, around 6oC/km [2], that depends on the amount of water vapor available 
to condensate. 
 
It is possible to determine the stability of the atmosphere by comparing these 
lapse rates with the environmental lapse rate (ELR), which is the rate of decrease 
of temperature in the atmosphere, measured with a radiosonde: 
 
 If ELR < MALR < DALR, the atmosphere is absolutely stable, as the 
atmosphere is warmer than the air parcel rising in any case, so it will tend 
to sink.  
 If MALR < ELR < DALR, the atmosphere is conditionally unstable, the 
atmosphere is conditionally unstable, being stable in unsaturated 
conditions and unstable in saturated conditions (inside the cloud). 
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 If MALR < DALR < ERL, the air is absolutely unstable, the parcel tends to 
rise, as the atmosphere is cooler than the parcel before and after the 
saturation.  
 
These different cases are shown in Fig. 2.1: 
 
 
 
 
Figure 2.1. Atmosphere stability depending on where the ELR line is located [2]. 
 
 
In summary, to stabilize the atmosphere, a small environmental lapse rate is 
needed, which means that the temperature difference between the surface air 
and the air above has to be small. So, it’s necessary to cool the air in the surface 
or warm the air aloft. There are different situations that cool the surface air: 
 
 Nighttime radiation cooling. During the night the atmosphere tends to be 
more stable.  
 Air moving over a cold surface. 
 Cold advection, or cold air moving to a warmer region. 
 
Otherwise, instability is produced by increasing the temperature difference 
between the air aloft and the surface air. To do so, it’s necessary to cool the air 
above or warm the surface air. The next situations warm the surface air: 
 
 Daytime solar radiation warming. 
 Air moving over a warm surface. 
 Warm advection, or warm air moving to a colder region. 
 
And the next ones cool the air above: 
 
 Cold advection. 
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 Cloud radiation scattering back into space, which cools the atmosphere 
below. 
 
 
2.1.2 Cloud formation  
 
Clouds are formed as a result of the saturation of the air when it’s cooled to its 
dew point temperature [21]. The cooling takes place as the air moves upwards. 
This lift is produced due to different mechanisms: 
 
 Convection due to solar radiation heating. 
 Weather fronts. 
 Earth topography. 
 Convergence zones.  
 Heat island effect/Sea breeze (lower scale). 
 
 
2.1.3 Precipitation 
 
Besides having lifted air, cloud formation process requires another key element, 
the presence in the air of tiny particles that will act as condensation nuclei for the 
water droplets. 
 
These cloud condensation nuclei (CCN) are particles that allow the water vapor 
to grow around them, and allowing the subsequent condensation. Natural 
aerosols (often sulfates, sea salt, dust, pollen) are the most common 
condensation nuclei in pristine environments [20].  
  
The precipitation occurs when the clouds survive long enough to allow the 
water/ice particles to grow and fall to Earth. This can happen in two ways. At 
temperatures above freezing levels, when the condensation around the nuclei 
has occurred, if the droplet weights enough, instability (buoyancy) inside the 
cloud won’t be able to balance gravity and the droplet will start to fall. During its 
fall, it will continue growing by coalescing and colliding with other water droplets. 
 
This process is highly sensitive to the initial diameter of the water droplets. The 
ones that aren’t big enough will remain floating in the cloud, having a low 
probability to collide with other droplets. Also it’s very important the size diversity, 
as droplets of different sizes will fall at different velocities and will collide with 
different diameter [6] . 
 
The other way in which particles can grow to precipitating size is through ice 
processes. Below the freezing level both liquid water droplets, called super-
cooled droplets, and ice crystals coexist. These ice crystals are formed by 
different methods, e.g. : nucleation of super-cooled droplets triggered by particles 
named ice nuclei, freezing of water droplets carried above, or by automatic direct 
freezing at temperatures below around -40oC. If ice crystals grow for long enough 
to reach precipitation size, they will fall to Earth in form of rain or snow depending 
on the lower levels temperature and the size of the droplet [17]. 
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There are many types of precipitation, depending on size and state [2]: 
 
 Drizzle: Liquid water drops less than 0.5mm in diameter. 
 Rain: Liquid water drops greater than 0.5mm in diameter. 
 Freezing drizzle/rain: Drizzle/rain that freezes in contact with the ground. 
 Snow: Precipitation in form of ice crystals. Can be formed by different 
sizes. 
 Graupel: White, opaque grains of ice with diameters between 2-5mm. 
 Snow grain: Small, white, opaque grains of ice with diameters lower than 
1mm. 
 Ice pellet: Transparent, spherical or irregular pellets of ice with diameters 
greater than 5mm. 
 Hail: Transparent or opaque pieces of ice with varied shapes and 
diameter greater than 5mm. 
 
 
2.1.4 Cloud types 
 
The way in which the air rises determines the shape and properties of the 
resulting clouds. For example, cumuliform clouds are produced due to vertical 
motions, associated to an unstable atmosphere. The stability of the atmosphere 
is the key parameter in the resulting type of clouds. 
 
Depending on their appearance, clouds can be classified as [2]: 
 
 Layered clouds, stratus. 
 Puffy clouds, cumulus. 
 Wispy clouds, cirrus. 
 Rain clouds, nimbus. 
 
And depending on their altitude: 
 
 High clouds (5000 - 13000 m), bright clouds composed by ice crystals.  
 Middle clouds (2000 - 7000 m), a mix between ice and water droplets. 
 Low clouds (0 - 2000 m), mainly composed by water droplets. Clouds with 
vertical development. 
 
The combination of both categories results in the types of clouds shown in table 
2.1. 
 
 
Table 2.1. Clouds classified by appearance and altitude [2]. 
 
HIGH CLOUDS 
Cirrus Detached, narrow clouds in form of white filaments, 
Cirrostratus 
Transparent, whitish, nearly covering the whole sky. Halo 
effect with the Sun. 
Cirrocumulus Thin, layered clouds. Similar to arranged grains. 
MIDDLE CLOUDS 
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Altostratus 
Gray, layered clouds that cover the sky. Can cause very light 
precipitation. 
Altocumulus 
White/gray layered clouds. Arranged masses similar to 
cirrocumulus but bigger. 
LOW CLOUDS 
Nimbostratus 
Layered, continuous cloud. Result of thickening stratus. 
Produces rain and/or snow. 
Stratus 
Gray, continuous cloud that may produce drizzle if is thick 
enough. Produces fog in lowest levels. 
Stratocumulus White/gray layered clouds, Irregular rounded appearance.  
CLOUDS V.DEVELOPMENT 
Cumulus 
White, detached, dense clouds. Develops vertically in clear 
days due to convection. 
Cumulonimbus 
Dark, heavy dense cloud. Huge vertical development with 
anvil top. Responsible of thunderstorms and may produce 
also hail. 
 
 
 
2.2 Pollution 
 
2.2.1 Pollutant dynamics 
 
Pollution dynamics, if they are inert, in the atmosphere is determined by two 
factors, the wind strength and the stability of the atmosphere. When winds are 
weak or calm, the concentration of pollutants is higher, because high wind speed 
mix polluted air into a larger volume of surrounding air. 
 
As it was said earlier, atmospheric stability affects vertical movements of air. In 
this case, a stable atmosphere won’t allow pollutants move aloft and will trap them 
near the ground. Otherwise, an unstable atmosphere allows a better vertical 
extension of the mixing, improving the air quality. Pollutants can survive from 
hours to days depending on the weather conditions and the type of pollutant. 
 
The most common pollutants in urban areas are the ones emitted by combustion-
based devices, like most of the vehicles or power plants. The most important are 
presented in Table 2.2. 
 
 
Table 2.2. Main pollutants in the atmosphere, measured by [4]. 
 
NOx  Nitrogen oxides 
Cause 
The main source is the anthropogenic combustion, either transport-
based vehicles or industrial. 
 
SO2  Sulfur dioxide 
Cause 
Anthropogenic combustion containing sulfur, especially the ones 
using coal as source. Also, some industrial combustions can emit it. 
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O3  Tropospheric ozone 
Cause 
The ozone is not directly emitted to the atmosphere by any source. 
Instead, is created from photochemical reactions between primary 
pollutants, like nitrogen oxides and the nominated volatile organic 
compounds (VOC). 
 
CO Carbon monoxide 
Cause 
Is emitted by two ways: direct emission due to incomplete 
combustions (gas, petrol, etc.) or by partial oxidation of the methane. 
 
PM10 and PM2.5 Particulate matters 
Cause 
Complex mix of solid and liquid particles of one or more substances. 
Classified depending on its diameter: PM10 (less than 10 microns) 
and PM2.5 (less than 2.5 microns). 
Emitted by direct emission or by combination of other pollutants, and 
can have be either anthropogenic or natural origin. 
 
As, Cd, Ni, Pb Toxic heavy metals 
Cause 
Natural (wildfire smoke, volcanoes) or anthropogenic (combustion 
processes, traffic, industrial processes) origin. 
 
 
 
 
2.2.2 Incidence on clouds 
 
The effect of pollution on cloud formation can be classified in two ways: the 
radiative effect and the microphysical effect. 
 
Most pollutants, like the ones emitted by smokestacks or exhaust pipes, help to 
decrease the amount of solar radiation that reaches the Earth surface, as the 
water vapor in the cloud is divided into a larger number of droplets, scattering 
lighter and becoming more reflective. This scattering produces a net cooling in 
the Earth surface, making the low atmosphere more unstable, and invigorating 
the vertical motions that produce convective clouds [10].  
 
On the contrary, there’re darker pollutants, such as the black carbon, that produce 
the opposite effect, absorbing the solar radiation, and producing a heating effect. 
They are also emitted by the same sources of above (exhaust pipes, 
smokestacks, domestic cooking fires, etc.). This heating effect tends to stabilize 
the low atmosphere and produces low-layered stratus clouds.  
 
So, in urban areas coexist both effects, produced by different pollutants. In 
developed countries the emission of carbon has been reduced due to an 
improvement in the diesel and coal technologies, and the major part of emissions 
are from developing countries like China or India [9].  
 
Apart from the radiative effect, pollutants have important microphysical effects 
that modify the cloud-forming processes. As it has been explained, water droplets 
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require preexisting nuclei to deposit and grow, and anthropogenic aerosols can 
play this role.  
 
As the total amount of water vapor is the same in pristine or polluted 
environments, added CCN slow the conversion of cloud drops into raindrops by 
nucleating larger concentrations of smaller drops, having a lower probability of 
growing into water droplets or ice crystals.  
 
As can be seen in Fig. 2.2, adding CCN has a precipitation suppressing effect in 
shallow clouds, and seems to enhance the rain in deep, convective clouds, in 
which the droplets cannot grow until the higher levels, where they freeze onto ice 
droplets that fall and melts.  
 
This enhancement is produced by the additional latent heat release in the upper 
levels due to freezing processes and the subsequent reabsorption of this latent 
heat in the lower levels by the melting of the ice [11]. This implies a greater 
upwards heat transport, enhancing the instability and the vertical movements. 
 
 
 
 
Figure 2.2. Rainfall comparison between pristine and polluted clouds. The 
precipitation in low-level polluted clouds is suppressed while in deep, convective 
clouds is enhanced [16].  
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3 METHODOLOGY 
 
The objective of this chapter is to explain the data processing issue, that is, the 
process between the acquisition of the data and the final results. This process 
includes the data review and filtering, the station mapping, the programming 
tools, etc.  
 
3.1 Area of study 
 
We used two main types of data: precipitation and pollution, measured 
respectively by the EMA (‘Estació Meteorològica Automàtica’, in catalan) and the 
XVPCA (‘Xarxa de Vigilància i Previsió de la Contaminació Atmosfèrica’, in 
catalan) stations. 
 
The stations are located in the Barcelona Metropolitan Area (BMA), in the region 
of Catalonia, at the north east of the Iberian Peninsula. This coastal area has an 
extension of 636 km2 and comprises Barcelona and 35 surrounding 
municipalities. 
 
The Mediterranean Sea greatly affects the climate of the area, making soft, humid 
winters and warm, hot summers. Is affected by sea breezes from May/June to 
September and dry winds coming from the west in winter. Thunderstorms are 
typical during the summer and the autumn seasons, due to the warm, moist air 
coming from the sea [14].  
 
The average annual temperature is 21.2oC during the day, and 15.1oC during the 
night. The average number of days with precipitation per year is 55, and the 
annual precipitation is less than 640mm, ranging from 20 mm in July to 91 mm in 
October [14]. 
 
 
3.2 Data filtering 
 
The EMA and XVPCA stations are scattered all around the BMA, and due to the 
fact that not all of them were implemented at the same time, the studied period 
of time had to be adjusted. 
  
For example, some of the EMA were implemented in 1993, and the earlier 
XVPCA data of the study starts in 2005, so these years (1993/2005) of rain data 
can’t be considered as there’s no possible comparison with the pollution. The 
tables 3.1 and 3.2 show the initial range of time of the data. 
 
 
Table 3.1. Available data for the EMA stations 
 
EMA Station Period of time 
1. Vallirana 28/10/1995 - 22/05/2016  
2. Obs.Fabra 03/11/1995 - 22/05/2016  
3. PN del Garraf 29/02/1996 - 22/05/2016  
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4. Viladecans 29/04/1993 - 22/05/2016  
5. St. Pere de Ribas 11/05/1999 - 22/05/2016  
6. Cabrils 27/11/1995 - 22/05/2016  
7. La Granada 25/12/1999 - 22/05/2016  
8. Vilanova del Vallès 31/01/2008 - 22/05/2016 
9. Badalona 21/09/2005 - 22/05/2016 
10. St. Sadurní d’Anoia 11/04/2006 - 22/05/2016 
11. BCN/El Raval 26/10/2006 - 22/05/2016 
12. BCN/Zona Universitàrea 18/04/2008 - 22/05/2016 
13. Caldes de Montbui 08/03/2007 - 22/05/2016 
14. Castellbisbal 18/03/2008 - 22/05/2016  
15. Sabadell 23/10/2008 - 22/05/2016  
16. Parets del Vallès 30/10/2008 - 22/05/2016  
17. El Prat de Llobregat 22/03/2011 - 22/05/2016 
18. Canyelles 16/07/2013 - 22/05/2016 
19. St. Cugat del Vallès 08/08/2013 - 22/05/2016 
20. Port de Barcelona 26/06/2015 - 22/05/2016 
 
 
Table 3.2. Available data for the XVPCA stations 
 
XVPCA station Period of time 
1. Badalona 05/12/2008 - 01/11/2016  
2. Badalona (early) 01/01/2005 - 18/11/2008 
3. BCN/Ciutadella 01/01/2005 - 01/11/2016 
4. BCN/Poblenou 01/01/2005 - 01/11/2016 
5. BCN/Palau Reial 01/04/2011 - 01/11/2016 
6. BCN/Eixample 01/01/2005 - 01/11/2016 
7. BCN/Gràcia 01/01/2005 - 01/11/2016  
8. BCN/Sants 01/01/2005 - 01/11/2016 
9. BCN/Vall d’Hebron 01/01/2008 - 01/11/2016 
10. El Prat de Llobregat (J.Pau) 01/12/2009 - 01/11/2016  
11. El Prat de Llobregat (CEM Sagnier) 01/04/2011 - 01/11/2016 
12. Gavà 01/06/2009 - 01/11/2016 
13. Hospitalet de Llobregat 01/01/2005 - 01/11/2016 
14. St. Adrià del Besòs 01/01/2005 - 01/11/2016 
15. St. Feliu de Llobregat 01/01/2013 - 01/11/2016 
16. St. Vicenç dels Horts 01/01/2005 - 01/11/2016  
17. St. Vicenç dels Horts (Àlaba) 01/03/2012 - 01/11/2016  
18. Sta. Coloma de Gramanet 01/01/2005 - 01/11/2016 
19. El Prat de Llobregat (early) 01/01/2005 - 11/12/2009 
20. Gavà (early) 01/01/2005 - 02/07/2009 
21. Viladecans 01/06/2009 - 01/06/2011  
 
 
Although most of the ending dates are the same, the starting ones are very 
different. So, the 01/01/2005 is set as the initial common date (if exists), not 
considering the previous rain data.  
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The provided data contain recording for five pollutants: SO2, NO, NO2, O3 and 
CO. But, as it can be seen in Table 3.3, some of the XVPCA stations don’t provide 
information of all the components: 
 
 
Table 3.3. Pollutants available in each XVPCA 
 
XVPCA station SO2 NO NO2 O3 CO 
1. Badalona Y Y Y Y Y 
2. Badalona (early) Y Y Y Y Y 
3. BCN/Ciutadella Y Y Y Y Y 
4. BCN/Poblenou Y Y Y Y Y 
5. BCN/Palau Reial Y Y Y Y Y 
6. BCN/Eixample Y Y Y Y Y 
7. BCN/Gràcia Y Y Y Y Y 
8. BCN/Sants Y Y Y N Y 
9. BCN/Vall d’Hebron Y Y Y Y Y 
10. El Prat de Llobregat (J.Pau) Y Y Y Y N 
11. El Prat de Llobregat (CEM Sagnier) Y Y Y Y Y 
12. Gavà Y Y Y Y Y 
13. Hospitalet de Llobregat Y Y Y Y Y 
14. St. Adrià del Besòs Y Y Y Y Y 
15. St. Feliu de Llobregat Y Y Y N N 
16. St. Vicenç dels Horts Y Y Y Y N 
17. St. Vicenç dels Horts (Àlaba) Y Y Y N N 
18. Sta. Coloma de Gramanet Y Y Y Y Y 
19. El Prat de Llobregat (early) Y Y Y N N 
20. Gavà (early) Y Y Y Y N 
21. Viladecans Y Y Y Y Y 
 
 
As the data sources are different, the format is also different. Both, precipitation 
and pollution, are presented in Excel files, but the precipitation is organized by 
EMA (one file per station) and the pollution is organized by years (one file per 
year). To avoid future problems and simplify the programming code, both formats 
must match. So, the pollution files are redone and changes to station/file 
organization.  
 
 
3.3 Station Mapping 
 
To make a proper comparison between the precipitation and the pollution, it’s 
necessary to locate them. For example, the comparison between the EMA and 
XVPCA in Viladecans seems quite obvious but, are they actually close enough? 
 
First of all, the coordinates (latitude, longitude and height) are required, and it’s 
easy to find them after a bit of web-searching [7;18] and checking on Google 
Maps. They’re presented in Tables 3.4 and 3.5.  
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Table 3.4. Coordinates of the EMA stations 
 
AWS Station Latitude (deg) Longitude (deg) H (m) 
1. Vallirana 41.38197  1.93564 252 
2. Obs.Fabra 41.41843  2.12388 411 
3. PN del Garraf 41.28832  1.90775 573 
4. Viladecans 41.29928  2.03787 3 
5. St. Pere de Ribas 41.27861  1.80479 161 
6. Cabrils 41.51773  2.37702 81 
7. La Granada 41.36619  1.72857 240 
8. Vilanova del Vallès 41.54440  2.30014 126 
9. Badalona 41.45215  2.24757 42 
10. St. Sadurní d’Anoia 41.43386  1.79429 164 
11. BCN/El Raval 41.38390  2.16775 33 
12. BCN/Zona Universitàrea 41.37919  2.10540 79 
13. Caldes de Montbui 41.61265  2.16836 176 
14. Castellbisbal 41.47892  1.97546 147 
15. Sabadell 41.56568  2.06952 258 
16. Parets del Vallès 41.56734  2.22619 123 
17. El Prat de Llobregat 41.34045  2.08022 8 
18. Canyelles 41.28801  1.72195 148 
19. St. Cugat del Vallès 41.48311  2.07956 158 
20. Port de Barcelona 41.31723  2.13091 4 
 
 
Table 3.5. Coordinates of the XVPCA stations 
 
XVPCA Station Latitude (deg) Longitude (deg) H (m) 
1. Badalona 41.444245  2.237875  7  
2. Badalona (early) 41.479859  2.252600   100   
3. BCN/Ciutadella 41.388047 2.186064  7  
4. BCN/Poblenou 41.394492 2.197660   3  
5. BCN/Palau Reial 41.388293  2.115692  81  
6. BCN/Eixample 41.385367  2.154438  26  
7. BCN/Gràcia 41.398985 2.152846  51  
8. BCN/Sants 41.378803  2.133098  35  
9. BCN/Vall d’Hebron 41.431205  2.145891  136  
10. El Prat de Llobregat 
(J.Pau) 
41.322421  2.098840  5   
11. El Prat de Llobregat 
(CEM Sagnier) 
41.321775  2.083055  7   
12. Gavà 41.286623 2.005326  25  
13. Hospitalet de Llobregat 41.370504  2.114973  29   
14. St. Adrià del Besòs 41.425621  2.222245   7    
15. St. Feliu de Llobregat 41.386639 2.057393    81    
16. St. Vicenç dels Horts 41.400771  1.999635   38   
17. St. Vicenç dels Horts 
(Àlaba) 
41.392157  2.009802  65  
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18. Sta. Coloma de 
Gramanet 
41.44735  2.209511  23   
19. El Prat de Llobregat 
(early) 
41.330144  2.094420  14  
20. Gavà (early) 41.302415  1.994783   25   
21. Viladecans 41.313463 2.013804  14   
 
 
To properly see them, it’s easier to put them on a map. In this particular case, 
instead of a conventional map, an orthophoto (an aerial image with uniform scale) 
is preferred due to the quality and the simplicity.  
  
 
 
 
Figure 3.1. Map of the EMA and XVPCA stations located in the BMA 
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5. St. V. dels Horts 
(Àlaba) 
6. St. Feliu de 
Llobregat 
7. El Prat de Ll. (CEM 
Sagnier) 
8. El Prat de Ll. 
(early) 
9. El Prat de Ll. 
(J.Pau) 
10. Hospitalet de Ll. 
11. BCN/Palau Reial 
12. BCN/Sants 
13. BCN/Eixample 
14. BCN/Gràcia 
15. BCN/Vall 
d’Hebron 
16. BCN/Ciutadella 
17. BCN/Poblenou 
18. St. Adrià del B. 
19. Sta. Coloma G. 
20. Badalona 
 
As it can be seen in Fig. 3.1, EMA stations are represented in blue, XVPCA in 
green and the red points are needed to calibrate the map. Notice that there are 
missing stations, only appearing eight EMA and twenty XVPCA stations.  
Therefore, the map is used as a spatial filtering tool, allowing to discard all the 
stations that are too far from the zone, and also allowing an easier comparison. 
Tables 3.6 and 3.7 show the station type, based on the area that is located. 
 
 
Table 3.6. Area-based type of the EMA stations 
 
EMA station Type  
A. Vallirana Suburban 
B. Viladecans Rural 
C. Prat de Llobregat Suburban 
D. BCN/Zona Universitàrea Urban  
E. Port de Barcelona Suburban  
F. Obs.Fabra Rural  
G. BCN/El Raval Urban  
H. Badalona Urban 
 
 
Table 3.7. Area-based type of the XVPCA stations 
 
XVPCA station Type 
1. Gavà (early) Urban 
2. Gavà Suburban 
3. Viladecans Urban 
4. St. V. dels Horts Suburban 
5. St. V. dels Horts (Àlaba) Urban 
6. St. Feliu de Llobregat Urban 
7. El Prat de Ll. (CEM Sagnier) Urban 
8. El Prat de Ll. (early) Suburban 
9. El Prat de Ll. (J.Pau) Rural 
10. Hospitalet de Ll. Urban 
11. BCN/Palau Reial Urban 
12. BCN/Sants Urban 
13. BCN/Eixample Urban 
14. BCN/Gràcia Urban 
15. BCN/Vall d’Hebron Urban 
16. BCN/Ciutadella Urban 
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17. BCN/Poblenou Urban 
18. St. Adrià del Besòs Suburban 
19. Sta. Coloma de Gramanet Urban 
20. Badalona Urban 
 
 
 
3.4 Data processing and programming tools 
 
Once established the final stations to consider, the next step is how to process 
the data in an optimal way to find any possible relation between the precipitation 
and the pollution.  
 
As the study is based on the idea that pollution suppresses precipitation in low-
level clouds and invigorates it in convective clouds, it’s necessary to study both 
cases separately. Typically, low-level stratiform clouds produce light precipitation, 
and convective clouds produce the heavier precipitations.  
 
So, to see the effect of the pollution on each type of cloud, it’s necessary to search 
for its corresponding precipitation. The AEMET (‘Agencia Estatal de 
Meteorologia’, in Spanish) makes the next distinction for the intensity-based rain 
types [1]: 
 
 Light rain: Less than 2 mm/h. 
 Unnamed: Intensity between 2 and 15 mm/h. 
 Heavy rain: Intensity between 15 and 30 mm/h. 
 Very heavy rain: Intensity between 30 and 60 mm/h. 
 Pouring rain: Intensity greater than 60 mm/h. 
 
According to these definitions, the study should be based on finding light rain or 
lower than 2 mm/h and heavy rain or rain between 15 and 30 mm/h. In the case 
of light rain, to be more precise, intensities lower than 1 mm/h and 0.5 mm/h are 
also analyzed. 
 
In the case of heavy rain, the number of days with rain intensities greater than 15 
mm/h is mingy, so instead the boundary considered is 5 mm/h or greater for 
heavy rains (this includes heavy, very heavy and pouring rain).   
 
Some techniques were considered at the beginning: 
 
 Seek for the days of maximum concentration (each component).  
 Calculate the diary accumulated light rain (less than 0.5, 1 and 2mm/h) 
and see the correlation with pollution. The same for heavy rain (more than 
5 mm/h). This is to see the effect in different types of clouds, as the light 
rain is produced by stratiform clouds and the heavy rain by cumuliform 
clouds. 
 Map viewing of the data (monthly mean).  
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This correlation of light rain and pollution has been done only between close 
enough EMA and XVPCA stations, and also of the same type. Continuing with 
the Viladecans example, probably the stations are close enough, but they are 
from a different type, so they shouldn’t be compared. The final comparison will 
be between the stations in Table 3.8. 
 
 
Table 3.8. Final station-comparison 
 
EMA station XVPCA station Types Distance (km) 
H. Badalona  20. Badalona U/U 1.12 
G. BCN/El Raval 16. BCN/Ciutadella U/U 1.60 
G. BCN/El Raval 13. BCN/Eixample U/U 1.125 
D. BCN/Z.Universitària 11.BCN/Palau Reial U/U 1.328 
 
There are more possible combinations but these ones seem the safest ones in 
order to find a relationship, because they’re all located in a more polluted 
environment than the others. Also, these XVPCA stations provide information of 
the five chemical components. 
 
Due to the huge amount of data, all of these techniques require the use of some 
sort of statistical analysis tool.  In the case of the maximum pollution 
concentration the search is unsuccessful due to the lack of samples (five points 
each month/year). 
 
The daily accumulated rain is calculated and then it’s compared with the daily 
mean pollution of the day and the previous day. This solves the problem of the 
previous technique, the lack of samples, because takes into account all the days 
fitting the next conditions:   
 
 In the case of light rain, the hourly mean of the day must be lesser than 
0.5, 1 or 2 mm/h depending on the case of study. If it’s greater sometime, 
the day it’s discarded. 
 In the case of heavy rain, only days with peaks of rain greater or equal to 
5 mm/h are considered. If the rain is lesser, the day it’s discarded. The 
reason for searching peaks of 5 mm/h instead of days with precipitation 
entirely greater than 5 mm/h is that precipitation needs a bit of time to 
reach that value, and otherwise almost no day would fit the condition. 
 There are occasional gaps in the pollution data. If a day has one of these 
gaps, is discarded. 
 This comparison has been done for each one of the five chemical 
components. 
 
This is the best technique to see any possible relationship with the available data, 
as combines the precision of the map viewing with the number of samples 
needed. The results can be seen in the next chapter. 
 
Finally, the map was intended to be a supporting tool, allowing a better general 
view of the data. But the number of maps needed (one each month since 2005 
to 2015) and the wide range of data forced to think in another strategy. The 
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solution was the creation of a more dynamic tool, an application. The figure below 
shows the main user interface of it. 
 
 
 
 
Figure 3.2. Main UI of the application 
 
 
The application has been useful for example, to decide which pairs of stations 
should be compared, or to see the behavior in punctual ranges of data, and is 
integrated by the next controllers:  
 
1. This button loads the map and the data. Before the user pushes it, only 
appears the clear map, without points.  
2. This two lists allow the user to select the desired or desired stations to 
compare. As it can be seen, when the user selects the station in the list, 
also appears encircled in the map.  
3. With these lists the user can control the type of data that he wants to see. 
With the left one can select the type of rain and with the right one the 
chemical component. In the case of the pollution, the program notifies the 
user if the selected station does not contain information about the 
component of the list.  
4. The selector of the data range. The program preselects the range based 
on the selected stations, displaying only the range containing data. For 
example, if the user selects Vallirana (2005 - 2016) and then selects also 
Z. Universitària (2008 - 2016), the display will be from 2008 to 2016. The 
ranges for rain and pollution are separated to allow a better comparison. 
5. Finally, the mean selector, showing the mean of the data selected above. 
The left bar (circles) represents the rain and the right (diamonds) the 
pollution, each one with its own color scale, as can be seen in Fig. 3.3. 
2 
3 
4 
5 
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Figure 3.3. Example of use. In winter-based color scale, daily mean of light rain. 
In summer-based color scale, daily mean of SO2. 
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4 EMPIRICAL RESULTS 
 
This section contains the results of the comparison between the EMA station 
located in Raval and the XVPCA station located in Eixample, both for light and 
heavy rain. The type of light rain analyzed in this case is below 2 mm/h. 
 
Each comparison has been made for each of the five pollutants, to see if all have 
the same impact, or they have different behavior. Due to the number of graphs, 
the comparisons between other nearby stations are located in the annex section.  
 
 
4.1 Light rain 
 
In the case of light rain, the comparison has been made for days with precipitation 
intensities lower than 0.5 (not shown), 1 (not shown) and 2 mm/h, and daily mean 
pollution. If at any time of the day this intensity is great than 2 mm/h, the day is 
discarded. Taking into account that pollution can remain for hours to days before 
dissipating, the comparison has been made also between the accumulated light 
rain and the mean daily pollution recorded the previous day. 
 
The reason for looking for light rain is because it’s usually produced by layered, 
low-level stratiform clouds, and as it was stated in Section 2.2, pollution has a 
suppressing effect in this type of cloud, as the total water vapor of the cloud is 
distributed among a greater number of cloud condensation nuclei, avoiding the 
growth [17].   
 
Figures 4.1-4.10 show these comparisons for light rain (< 2 mm/h). In the annex 
section can be found also the graphs of intensity lower than 1 and 0.5 mm/h. 
These results, however, don’t reveal any clear tendency, as the points in the 
graphs are more or less scattered, as can be seen with the linear regression 
method. The determination coefficients r2 are extremely low, showing that the 
relationship between the data is not linear. 
 
Additionally, there are almost no differences between the comparison for the 
same day of precipitation and pollution with the comparison between 
accumulated precipitation with the mean pollution the previous day. The reason 
is that pollution, as expected, remains almost the same for both days. Table 4.1 
shows the mean of each pollutant of both days. 
 
 
Table 4.1. Comparison between the daily mean pollution of the same day and 
the previous day, for intensities lower than 2 mm/h. 
 
Pollutant mean SO2 
(µg/m3) 
NO 
(µg/m3) 
NO2 
(µg/m3) 
O3 
(µg/m3) 
CO 
(mg/m3) 
Same day 2.4190 36.82 56.46 33.21 0.64 
Previous day 2.6935 37.56 58.21 34.36 0.64 
Difference 10% 2% 3% 3% 0% 
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Here it’s only analyzed the effect of these five pollutants, but it would be more 
important to consider Particulate Matter PMx and different heavy metals, as these 
pollutants can also act as CCN.  
 
 Additionally, it’s important to note that Barcelona environment might be not 
enough polluted to clearly affect in a measurable way the rain processes. For 
example, in 2013, the mean of PM2.5 measured in the Eixample XVPCA was 16 
µg/m3, and the mean of this pollutant in Beijing, China, was 99.6 µg/m3 [13]. 
 
 
 
 
Figure 4.1. 24-h accumulated light rain (< 2 mm) recorded at Raval station and 
SO2 daily mean concentration recorded at Eixample station (r2 = 3.853·10-4). 
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Figure 4.2. Same as Fig. 4.1 for previous day mean concentration (r2=6.392·105). 
 
 
 
 
Figure 4.3. Same as Fig. 4.1 for NO (r2 = 12.416·10-3). 
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Figure 4.4. Same as Fig. 4.3 for previous day mean concentration (r2=2.461·107). 
 
 
 
Figure 4.5. Same as Fig. 4.1 for NO2 (r2 = 5.569·10-3). 
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Figure 4.6. Same as Fig. 4.5 for previous day mean concentration (r2=6.717·104). 
 
 
 
 
Figure 4.7. Same as Fig. 4.1 for O3 (r2 =12·10-3). 
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Figure 4.8. Same as Fig. 4.7 for previous day mean concentration (r2=1.945·103).  
 
 
 
 
Figure 4.9. Same as Fig. 4.1 for CO (r2=3.238·10-3). 
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Figure 4.10. Same as Fig. 4.9 for previous day mean concentration 
(r2=1.166·105). 
 
 
4.2 Heavy rain  
 
In the case of heavy rain, the comparison has been made for days with peaks of 
rain greater or equal to 5 mm/h, and daily mean pollution. If the peak intensity 
does not reach 5 mm/h, the day is discarded. As well as in the case of the light 
rain, the comparison has been made also between the accumulated rain and 
mean pollution of the previous day. 
 
The reason for looking for heavy rain peaks is because it’s usually produced by 
deep, convective clouds, and according to Section 2.2, pollution has an 
enhancing effect in this type of cloud, as the CCN, unable to grow, remain in 
super-cooled state up to higher altitude [17]. The extra latent heat produced by 
the freezing and melting of the ice invigorates the upward heat transport and 
enhances vertical movements. 
 
In Figs. 4.11-4.20 can be seen the results of the comparison. As well as in the 
case of the light rain, the results don’t show the expected tendencies, showing a 
clear dispersion of the points.  
 
Again, as can be observed in Table 4.2, pollution remains almost the same for 
both days, so the graphs of the same day and the previous day are very similar. 
It’s interesting that the concentration mean in this case is a bit lower in all cases 
in comparison to the light rain. This reduction can be produced by the improved 
vertical mixing associated to convective clouds, which reduces the concentration 
near the surface and improves the air quality.  
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Table 4.2. Comparison between the daily mean pollution of the same day and 
the previous day, for intensities with peaks greater than 5 mm/h. 
 
Pollutant mean SO2 
(µg/m3) 
NO 
(µg/m3) 
NO2 
(µg/m3) 
O3 
(µg/m3) 
CO 
(mg/m3) 
Same day 2.09 32.04 54.23 31.78 0.62 
Previous day 2.29 37.23 55.70 33.45 0.67 
Difference 9% 14% 3% 5% 7% 
 
 
It turns out that these concentrations, as well as in the light rain case, are below 
from the heavy polluted urban environments of the developing countries like 
China [12;13], especially in the case of the Particulate Matter PMx. These 
differences lead to two different assumptions: it would have been important to 
take into account the missing pollutants like the PMx or the heavy metals, and 
here in Barcelona the environment is not polluted enough to clearly influence 
precipitation processes.   
 
 
 
 
Figure 4.11. 24-h accumulated rain (peaks > 5 mm) recorded at Raval station 
and SO2 daily mean concentration recorded at Eixample station (r2 = 6.780·10-3). 
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Figure 4.12. Same as Fig. 4.11 for previous day mean concentration 
(r2=7.433·10-3). 
 
 
 
 
Figure 4.13. Same as Fig. 4.11 for NO (r2=2.656·10-3). 
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Figure 4.14. Same as Fig. 4.13 for previous day mean concentration 
(r2=2.954·10-5). 
 
 
 
 
Figure 4.15. Same as Fig. 4.11 for NO2 (r2=3.65·10-3). 
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Figure 4.16. Same as Fig. 4.15 for previous day mean concentration 
(r2=37.486·10-3). 
 
 
 
 
Figure 4.17. Same as Fig. 4.11 for O3 (r2=2.464·10-3). 
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Figure 4.18. Same as Fig. 4.17 for previous day mean concentration 
(r2=7.567·10-3). 
 
 
 
 
Figure 4.19. Same as Fig. 4.11 for CO (r2=1.505·10-4). 
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Figure 4.20. Same as Fig. 4.19 for previous day mean concentration 
(r2=1.055·10-4). 
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5 CONCLUSIONS 
 
 
In this project, it has been studied the influence of pollution in precipitation 
processes in the Barcelona Metropolitan Area for the period 2005-2015. The data 
was obtained from EMA (precipitation) and XVPCA (pollution) stations 
respectively. 
 
After a preliminary percolation of the stations, which were too scattered to 
consider them all, especially the EMA stations, it was decided that to make proper 
comparisons, pairs of close enough EMA and XVPCA stations have to be 
considered. Therefore, considering distance and type of station, four 
comparisons were stated. 
 
From the comparisons, the goal was to build up a model relating the episodes of 
pollution with light and heavy rain intensities, as according to the theoretical 
scope, the influence on both types of rain is different.  
 
The results, however, didn’t show the expected tendencies, as the resulting 
dispersion of the points indicated that the rain was not affected by the pollution in 
a measurable way. This was probably due to two factors: 
 
 The environment in the Barcelona Metropolitan Area, although it’s a 
significant urban conglomeration, it’s not polluted enough to affect the 
precipitation. During the recent years, the industrial techniques have been 
improved to reduce the emissions in developed countries, unlike 
developing countries like India or China, whose amount of population and 
industry invigorates the pollution effect.  
 The lack of data about certain pollutants, especially the Particulate Matter 
PMx, that would have been significant to analyze. 
 
Anyway, a negative result is also useful to draw conclusions and promote the 
development of new analysis techniques. The following steps of the project, in 
the case that the graphs had revealed any relationship, were the next ones: 
 
 To study of Advanced Very High Resolution Radiometer (AVHRR) images 
and infrared images to contrast the results, seeking for specific types of 
clouds related with each type of precipitation and see the radiative 
influence of pollution on them. 
 To analyze the stability of the atmosphere in significant days, by 
considering variables like pressure and temperature. 
 
With these both techniques, it could have been possible to ensure any possible 
relationship. However, this project is a good starting point to any study looking for 
demonstrate the mentioned influence. 
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7 ANNEX 
 
This section contains the remaining rain vs pollution comparisons between the 
remaining pairs of stations, and for all the intensities, less than 0.5, 1 and 2mm/h 
and peaks greater than 5 mm/h. This section contains also the 0.5 and 1mm/h 
comparisons for the EMA located in Raval and the XPVCA located in Eixample. 
 
7.1 EMA Raval - XVPCA Eixample 
 
Rain intensities lower than 0.5 mm/h 
 
 
 
  
 
 
 
Figure 7.1. 24-h accumulated light rain (< 0.5 
mm) recorded at Raval station and daily 
mean concentration (SO2, NO, NO2, O3 and 
CO) recorded at Eixample station. 
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Figure 7.2. 24-h accumulated light rain (< 0.5 
mm) recorded at Raval station and previous 
day daily mean concentration (SO2, NO, NO2, 
O3 and CO) recorded at Eixample station.  
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Rain intensities lower than 1 mm/h 
 
 
 
 
  
  
Figure 7.3. 24-h accumulated light rain 
(<1mm) recorded at Raval station and daily 
mean concentration (SO2, NO, NO2, O3 and 
CO) recorded at Eixample station. 
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Figure 7.4. 24-h accumulated light rain 
(<1mm) recorded at Raval station and 
previous day daily mean concentration (SO2, 
NO, NO2, O3 and CO) recorded at Eixample 
station.  
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7.2 EMA Raval - XVPCA Ciutadella 
 
Rain intensities lower than 0.5 mm/h 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
Figure 7.5. 24-h accumulated light rain 
(<0.5mm) recorded at Raval station and daily 
mean concentration (SO2, NO, NO2, O3 and 
CO) recorded at Ciutadella station. 
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Figure 7.6. 24-h accumulated light rain 
(<0.5mm) recorded at Raval station and 
previous day daily mean concentration (SO2, 
NO, NO2, O3 and CO) recorded at Ciutadella 
station.  
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Rain intensities lower than 1 mm/h 
 
 
 
 
  
  
Figure 7.7. 24-h accumulated light rain 
(<1mm) recorded at Raval station and daily 
mean concentration (SO2, NO, NO2, O3 and 
CO) recorded at Ciutadella station. 
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Figure 7.8. 24-h accumulated light rain 
(<1mm) recorded at Raval station and 
previous day daily mean concentration (SO2, 
NO, NO2, O3 and CO) recorded at Ciutadella 
station.  
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Rain intensities lower than 2 mm/h 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 7.9. 24-h accumulated light rain 
(<2mm) recorded at Raval station and daily 
mean concentration (SO2, NO, NO2, O3 and 
CO) recorded at Ciutadella station. 
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Figure 7.10. 24-h accumulated light rain 
(<2mm) recorded at Raval station and 
previous day daily mean concentration (SO2, 
NO, NO2, O3 and CO) recorded at Ciutadella 
station.  
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Rain intensities with peaks greater than 5 mm/h 
 
 
 
 
  
  
Figure 7.11. 24-h accumulated rain (peaks 
>5mm) recorded at Raval station and daily 
mean concentration (SO2, NO, NO2, O3 and 
CO) recorded at Ciutadella station. 
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Figure 7.12. 24-h accumulated rain (peaks 
>5mm) recorded at Raval station and 
previous day daily mean concentration (SO2, 
NO, NO2, O3 and CO) recorded at Ciutadella 
station.  
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7.3 EMA Z.Universitària - XVPCA Palau Reial 
 
Rain intensities lower than 0.5 mm/h 
 
 
 
 
  
 
 
 
 
 
Figure 7.13. 24-h accumulated light rain 
(<0.5mm) recorded at Z.Universitària station 
and daily mean concentration (SO2, NO, NO2, 
O3 and CO) recorded at P.Reial station. 
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Figure 7.14. 24-h accumulated light rain 
(<0.5mm) recorded at Z.Universitària station 
and previous day daily mean concentration 
(SO2, NO, NO2, O3 and CO) recorded at 
P.Reial station.  
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Rain intensities lower than 1 mm/h 
 
 
 
 
  
  
Figure 7.15. 24-h accumulated light rain 
(<1mm) recorded at Z.Universitària station 
and daily mean concentration (SO2, NO, NO2, 
O3 and CO) recorded at P.Reial station. 
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Figure 7.16. 24-h accumulated light rain 
(<1mm) recorded at Z.Universitària station 
and previous day daily mean concentration 
(SO2, NO, NO2, O3 and CO) recorded at 
P.Reial station.  
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Rain intensities lower than 2 mm/h 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 7.17. 24-h accumulated light rain 
(<2mm) recorded at Z.Universitària station 
and daily mean concentration (SO2, NO, NO2, 
O3 and CO) recorded at P.Reial station. 
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Figure 7.18. 24-h accumulated light rain 
(<2mm) recorded at Z.Universitària station 
and previous day daily mean concentration 
(SO2, NO, NO2, O3 and CO) recorded at 
P.Reial station.  
 
 
53 
 
Rain intensities with peaks greater than 5 mm/h 
 
 
 
 
  
  
Figure 7.19. 24-h accumulated rain (peaks 
>5mm) recorded at Z.Universitària station 
and daily mean concentration (SO2, NO, NO2, 
O3 and CO) recorded at P.Reial station. 
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Figure 7.20. 24-h accumulated rain (peaks 
>5mm) recorded at Z.Universitària station 
and previous day daily mean concentration 
(SO2, NO, NO2, O3 and CO) recorded at 
P.Reial station.  
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7.4 EMA Badalona - XVPCA Badalona 
 
Rain intensities lower than 0.5 mm/h 
 
 
 
 
  
 
 
 
 
 
Figure 7.21. 24-h accumulated light rain 
(<0.5mm) recorded at Badalona station and 
daily mean concentration (SO2, NO, NO2, O3 
and CO) recorded at Badalona station. 
 56 
 
 
 
 
  
Figure 7.22. 24-h accumulated light rain 
(<0.5mm) recorded at Badalona station and 
previous day daily mean concentration (SO2, 
NO, NO2, O3 and CO) recorded at Badalona 
station.  
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Rain intensities lower than 1 mm/h 
 
 
 
 
  
  
Figure 7.23. 24-h accumulated light rain 
(<1mm) recorded at Badalona station and 
daily mean concentration (SO2, NO, NO2, O3 
and CO) recorded at Badalona station. 
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Figure 7.24. 24-h accumulated light rain 
(<1mm) recorded at Badalona station and 
previous day daily mean concentration (SO2, 
NO, NO2, O3 and CO) recorded at Badalona 
station.  
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Rain intensities lower than 2 mm/h 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 7.25. 24-h accumulated light rain 
(<2mm) recorded at Badalona station and 
daily mean concentration (SO2, NO, NO2, O3 
and CO) recorded at Badalona station. 
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Figure 7.26. 24-h accumulated light rain 
(<2mm) recorded at Badalona station and 
previous day daily mean concentration (SO2, 
NO, NO2, O3 and CO) recorded at Badalona 
station.  
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Rain intensities with peaks greater than 5 mm/h 
 
 
 
 
  
  
Figure 7.27. 24-h accumulated rain (peaks 
>5mm) recorded at Badalona station and 
daily mean concentration (SO2, NO, NO2, O3 
and CO) recorded at Badalona station. 
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Figure 7.28. 24-h accumulated rain (peaks 
>5mm) recorded at Badalona station and 
previous day daily mean concentration (SO2, 
NO, NO2, O3 and CO) recorded at Badalona 
station.  
